. (2005). A quasi-dynamic nonlinear finite element model to investigate prosthetic interface stresses during walking for trans-tibial amputees. Clinical Biomechanics, 20 (6), 630-635. A quasi-dynamic nonlinear finite element model to investigate prosthetic interface stresses during walking for trans-tibial amputees Abstract Background. To predict the interface pressure between residual limb and prosthetic socket for trans-tibial amputees during walking. Methods. A quasi-dynamic finite element model was built based on the actual geometry of residual limb, internal bones and socket liner. To simulate the friction/slip boundary conditions between the skin and liner, automated surface-to-surface contact was used. Besides variable external loads and material inertia, the coupling between the large rigid displacement of knee joint and small elastic deformation of residual limb and prosthetic components were also considered. Results. Interface pressure distribution was found to have the same profile during walking. The high pressures fall over popliteal depression, middle patella tendon, lateral tibia and medial tibia regions. Interface pressure predicted by static or quasi-dynamic analysis had the similar double-peaked waveform shape in stance phase. Interpretation. The consideration of inertial effects and motion of knee joint cause 210% average variation of the area between the pressure curve and the horizontal line of pressure threshold between two cases, even though there is only a small change in the peak pressure. The findings in this paper show that the coupling dynamic effects of inertial loads and knee flexion must be considered to study interface pressure between residual limb and prosthetic socket during walking. 
Introduction
A prosthesis is often used to restore appearance and lost function to individuals with lower-limb amputation, and the socket is a critical component for prosthetic performance. The successful design and fitting of a prosthetic socket results in the effective transfer of forces from the socket to the residual limb such that the amputee can maintain daily activities without damaging tissue or experiencing pain.
The general characters of the residual limb such as geometry, size, and load bearing tolerance varies from each person. Moreover, the shape of the socket is not an exact replica of the residual limb, but includes appropriate rectification to optimize the interface mechanics. Consequently the design of a satisfactory socket often cause time-consuming or unnecessary complications for the amputees. More quantitative and objective information about the interface mechanics is needed in the process of the fitting of a prosthesis.
Finite element (FE) analysis is a technique widely used in bioengineering to determine stress and strain in complicated systems and has been identified as a useful tool for prosthetic socket design. Since Steege and Childress (1987) established the first FE models of the trans-tibial residual limb and prosthetic socket, several models have been developed to improve prosthetic design (Quesada and Skinner, 1991 , Reynolds and Lord, 1992 , Silver-Thron and Childress, 1997 , Zhang et al., 1995 , Zachariah and Sanders, 2000 , Tracy et al., 2002 and Lin et al., 2004 . The development started from simple linear elastic models with simplified twodimensional or symmetric geometry to the nonlinear models with more accurate geometry. The socket modification, varied external loads to simulate walking, nonlinear mechanical properties, and slip/friction boundary conditions have been addressed in different models. Regardless of their assumptions and simplifications, these analyses not only provided information on load transfer at the residual limb/socket interface and helped to design a better socket, but also showed more advantages over experimental measurements in the estimation of interface stresses.
However, all models reported so far are static or pseudo-static (Saunders and Daly, 1993) by applying static forces/moments to simulate a single or more phases of gait. Although the significance in developing dynamic models has been reckoned by researchers who developed the static models (Quesada and Skinner, 1991 , Saunders and Daly, 1993 , Silver-Thron and Childress, 1997 , Zhang et al., 1998a and Zhang et al., 1998b , there is only one new model (Jia et al., 2004 ) that considered material inertial effects and variable external loads during gait. In their work, material inertial effects and the motion of the knee joint were considered to calculate the equivalent loads, but the change of angle of the knee joint was ignored in the FE model during ambulation. Since the geometry of FE model is one of the main factors which determine the simulation results, ignoring the change of the limb posture will affect the accuracy of interface pressure prediction.
Before establishing a full dynamic analysis of the interface biomechanics between a trans-tibial residual limb and the prosthetic socket during a whole gait cycle, the aim of this paper is to build a quasi-dynamic FE model which can predict stress distribution on the residual limb. Although the equivalent loads applied in this FE analysis were calculated by using a simplified multi-rigid dynamic model, the new FE model can consider not only variable external loads and material inertia but also the coupling between the large rigid displacement of knee joint and small elastic deformation of residual limb and prosthetic components.
Methods
A unilateral trans-tibia male amputee, 56 years old, 158 cm in height, and 81 kg in weight volunteered to join in this study. He had more than 5 years experience in using an endoskeletal trans-tibial prosthesis with patella-tendon-bearing socket and solidankle-cushion-heel foot with no skin complications.
Finite element modeling
The geometry of the residual limb surface and the bony structure was obtained from three-dimensional reconstruction of magnetic resonance images conducted on the residual limb with axial cross-sectional images at 6 mm interval. To reduce the distortion of the soft tissues in a supine lying position, an unmodified cast was wrapped on the residual limb. The bony structures and the soft tissue boundaries in magnetic resonance images were identified and segmented using MIMICS v7.10 (Materialise, Leuven, Belgium). The boundary surfaces of different components obtained were processed using SolidWorks (SolidWorks Corporation, Massachusetts, USA) to form surface models. The shape of residual limb was further sent to ShapeMaker (Seattle System, WA, USA) to implement modification using the patellatendon-bearing socket rectification template built-in Shapemaker system. Since the liner could not be identified from the magnetic resonance images, the inner contours of the liner were designed to be same as the outer contours of the residual limb after modification, and with 4 mm offset its inner surface, the outer surface were gotten, which was identical with the inner surface of the socket (Lee et al., 2004) .
Based on the actual geometries of the socket, the residual limb surface and the internal bones of the same subject, the models were automatically meshed into threedimensional 4-node tetrahedral elements using ABAQUS v6. All materials were assumed to be isotropic, homogeneous and linearly elastic. The Young's modulus was 200 kPa for soft tissues, 10 GPa for bones and 380 kPa for prosthetic liner, and Poisson's ratio was assumed to be 0.49 for soft tissues, 0.3 for bones, and 0.39 for liner (Zachariah and Sanders, 2000 and Zhang et al., 1995) .
Interactions and constraints
In the FE model of residual limb and prosthetic socket, the relative relationships including interactions and constraints between each component were defined by using the commands in ABAQUS 6.3.
All bones and soft tissue were assumed to be fused together, all degrees of freedom were tied so that each node on the both surfaces has the same displacement. A tie constraint was also created for tibia and fibula to simplify the model.
In order to simulate the motion of the knee joint, a kinematic connector, hinge, was employed. The position of reference point on the femur was fixed relative to the reference point on the tibia, and two rotational degrees of freedom in the coronal plane and horizontal plane were not allowed. There was only one free rotation in the sagittal plane was allowed between the femur and the tibia. Relative rotation of femur to tibia can be applied by rotation boundary conditions, as shown in Section 2.3.
In the past FE analysis of interface stress, interface gap elements were used to allow force transfer between pairs of interface nodes (Zhang et al., 1995) . Due to its certain inherent disadvantages, automated contact model was developed using the MARC (Marc Analysis Research Corporation, Palo Alto, CA, USA) FE software program (Zachariah and Sanders, 2000) . Here, using ABAQUS 6.3, automated surface-tosurface contact interaction, was developed to describe the discontinuous constraint between the residual limb surface and the inner surface of prosthetic liner, which were defined as the slave surface and master surface respectively. The analysis would automatically detect whether the two surfaces were in contact or separate to determine the constraints should be applied or removed. Hard contact, as shown in Fig. 2(a) , was used to simulate the normal behavior of the contact pressure-clearance relationship. Contact pressure occurs only when the clearance between this pair of surfaces is zero. Once the normal pressure is not zero, frictional shear stresses were also transmitted across the interface. A penalty friction formulation with an allowable elastic slip, as shown in Fig. 2(b) , was used to define the tangential friction property, using a coefficient of friction of 0.5. This method is much less expensive computationally because small relative motion was allowed when two surface were sticking (ABAQUS User Manual, 2002).
Display Full Size version of this image (12K) Fig. 2 . The properties for the contact pair of the residual limb and prosthetic liner: (a) normal behavior and (b) tangential friction property.
Loads and boundary conditions
The analysis was performed in two steps corresponding to the two stages of deformation of the soft tissue. In the first step, a pre-stress analysis was carried out to simulate the donning of residual limb into the socket. No external load was applied in this step. All the bones and outer surface of the liner were given fixed boundaries. Because the shape-modified socket had different inner surface shape from the residual limb surface, there was some overlapping between residual limb and liner over some regions. In this step, the soft tissue must deform to adopt the shape of the liner. The ABAQUS package would detect the nodes on the residual limb surface, which were initially penetrated into master surface, and those nodes were drawn back to the inner surface of liner. As a result, pre-stresses between the contact surfaces were produced.
In the second step, the outer surface of the liner was rigid fixed assuming the hard socket would offer a rigid support. Rotation boundary conditions were created on femur to constrain the knee joint motion of five degrees of freedom to zero except that the rotation in the sagittal plane was pre-defined according to the kinematic data. The loads during walking were applied at the proximal end of tibia with keeping the prestress and the deformation due to pre-stress calculated in the first step. Inverse dynamics based on the Newton's Second Law was used to calculate these equivalent forces and moments, based on the kinematic data of the lower-limb and prosthesis and the ground reaction forces applied on prosthetic foot during walking measured using a Vicon Motion Analysis System (Oxford Metrics, Oxford, UK) and a force platform (AMTI, USA). In walking trials, the same subject as mentioned above was requested to walk along a 12 m long and 1.2 m wide walkway. Data were recorded during walking at a sampling rate of 60 Hz (Jia et al., 2004) .
Results
Since the peak interface pressure on residual limb during walking occurs in stance phase, only the FE predicted results from 0% to 60% of gait cycle (stance phase) were shown here.
At the each moment of gait cycle, interface pressure distribution was found to have the same profile, in accord with references (Zhang et al., 1998a , Zhang et al., 1998b and Lee et al., 2004 . The pressure is defined as the stress perpendicular to the contact interface. The high pressures fall over popliteal depression (PD), middle patella tendon (PT), lateral tibia (LT) and medial tibia (MT) regions, which are believed to be load-tolerant areas.
The peak interface pressures at PD, PT, LT and MT regions, during stance phase are obtained in Fig. 3 , in comparison with the previous static analytical results without consideration of inertial effects and knee rotation (Jia et al., 2004) .
Display Full Size version of this image (62K) Generally speaking, all the pressure curves are in double-peaked shape, similar to the ground reaction force, especially the static results which are mainly determined by ground reaction force in stance phase. But the effect of bending moment and flexion angel of the knee joint in the sagittal plane can be seen from comparison of peak pressure curves, which make not only the change of pressure magnitude at all regions, but also the large distortion of curve shape of pressure at PT region. After heel strike, the gravity and ground reaction force produce a moment to extend the prosthesis. In order to prevent such a rotation, the pressures over anterior-proximal and posteriordistal sides increase. At the same time, the slight flexion of knee joint decreases the pressure at PT region in quasi-dynamic analysis. At middle stance, the ground reaction force drops to a local valley point, pressures at PD, LT and MT regions decrease accordingly, except that pressure at PT region continue to climb to a peak point due to the extension moment. However, after heel off, the ground reaction force produces a moment to flex the limb, and the effects on pressure are opposite. The second peak pressures at PD, LT and MT are larger than the first peak ones, while over PT region the second peak pressure is smaller than the first peak one. Moreover, because of the large flexion angel of knee joint at toe off, the pressures on residual limb except at PT region do not reduce as sharply as ground reaction force.
Since the large pressure will cause uncomfortableness or tissue damage, the product of pressure and the pressure duration draws our attention. In order to compare static and quasi-dynamic results quantitatively, a variable S was defined as Eq. (1) (1)
Here P is interface pressure at each region, P 0 is the pressure for pain threshold, assumed to be 240, 280, 220, 120 kPa at PT, PD, LT, MT regions by a rough experimental estimate respectively (Lee, 2002) . T is time period of stance phase and t is time in one gait cycle. In fact, S is the area between the curve in Fig. 3 and the horizontal line of pressure threshold.
Another variable δ was defined as Eq. (2) to describe the variation between the static analytical result y 1 and the quasi-dynamic analytical result y 2 in Table 1. (2) Average variation (%) 210 6.8 Table 1 gives the differences between static and quasi-dynamic results according to the curves in Fig. 3 . It can be seen that the consideration of inertial effects and motion of knee joint cause 210% average variation of S between two cases, even though there is only a small change in the peak pressure.
Discussion
It is believed that FE analysis, if developed properly, can be strong potential to offer information for the improvement of the prosthesis design. The development of FE models was phased into three generations (Zhang et al., 1998a and Zhang et al., 1998b) . The third generation, dynamic analysis, is expected. In this study, a 3D nonlinear FE model was established to predict stress at the residual limb/prosthetic liner interface, with considering actual geometry, socket modification, friction/slip boundary condition and large deformation. A stride has been made towards the goal of the full dynamic analysis with consideration of not only variable external loads and inertial effects, but also the posture change due to knee rotation in FE model. The peak pressures predicted over the pressure-tolerant regions are in the range of the clinical measurements (Zhang et al., 1998a and Zhang et al., 1998b) , however there are still some significant quantitative errors.
One of main factors governing the reliability of FE analysis is loading condition, especially the effect of load location plays an important role. In above simulation, equivalent force which was assumed as a concentrated force was applied at point A in Fig. 4(b) . As the real knee joint is not a simple revolute joint, the contact point between femur and tibia is changing with leg posture during walking, as shown in Fig.  4 (a) (Maruyama and Chen, 2002) . From our experience, the selected location of load application could influence the FE results.
Display Full Size version of this image (20K) Fig. 4 . The relationship between contact areas on tibia and flexion angels of knee joint.
A numerical experiment was developed to discuss how much the load location influence. Using the above FE model, a static analysis was performed in two steps. The first step was the same as quasi-dynamic analysis. In the second step, the outer surface of the liner was fixed, a constant concentrated force 810 N (weight of the above subject) was applied in the vertical direction. In order to study interface pressure change with load location, five cases were included. Two force components which are equal to half of the force (405 N) were acted on both side in cases B-E, except that all 810 N was acted on one point in case A, as shown in Fig. 4(b) . Each load point is the approximate center of the hatched area in Fig. 4(a) . The results of peak interface pressure at PT, PD, LT and MT regions are shown in Fig. 5 . It indicates that the load location has a nonsensitive relation with interface pressure. In other words, the assumption of load location in our work is valid in a tolerant level.
Display Full Size version of this image (48K) Although the FE model established in this paper is not a full dynamic model, the effects of inertial loads and flexion angle of knee joint on the prediction of interface stress distribution were investigated during walking. The findings in this paper will be significant for improving our understanding of interface biomechanics of residual limb/prosthetic socket system.
In future study, dynamic FE models should be developed. One improvement needed is to directly apply ground reaction force on foot to decrease the error of equivalent load transform during walking. In addition, other factors which affect the reliability of FE analysis, such as nonlinear material property, actual boundary conditions, need more investigation. The model should be further validated by experiments.
